Depth-profiling measurements by means of synchrotron radiation based grazing XRF techniques, i.e., grazing emission X-ray fluorescence (GEXRF) and grazing incidence X-ray fluorescence (GIXRF), present a promising approach for the non-destructive, sub-nanometer scale precision characterization of ultra shallow ion-implantations. The nanometer resolution is of importance with respect to actual semiconductor applications where the down-scaling of the device dimensions requires the doping of shallower depth ranges. The depth distributions of implanted ions can be deduced from the intensity dependence of the detected X-ray fluorescence (XRF) signal from the dopant atoms on either the grazing emission angle of the emitted X-rays (GEXRF), or the grazing incidence angle of the incident Xrays (GIXRF). The investigated sample depth depends on the grazing angle and can be varied from a few to several hundred nanometers. The GEXRF setup was equipped with a focusing polycapillary half-lens to allow for laterally resolved studies. The dopant depth distribution of the investigated low-energy (energy range from 1 keV up to 8 keV) P, In and Sb ion-implantations in Si or Ge wafers were reconstructed from the GEXRF data by using two different approaches, one with and one without a priori knowledge about the bell-shaped dopant depth distribution function. The results were compared to simulations and the trends predicted by theory were found to be well reproduced. The experimental GEXRF findings were moreover verified for selected samples by GIXRF.
Introduction
The physical, chemical and electrical properties of semiconductor materials can be modied by means of various doping techniques like diffusion or ion implantation. The goal is to tailor the properties of the sample volume affected by the doping process in order to realize specic applications and to improve the performances of the produced devices. Recent advances were essentially realized by down-scaling the device size since this allows for increased device speed and integrated circuit complexity. Furthermore the power consumption and cost of the individual units are reduced. To preserve a constant aspect ratio when down-sizing, the depth region to be doped has to be scaled with the device size and becomes therefore also shallower. Moreover, the short-channel effect, which implies increased leakage currents, thus a limited device performance, can be suppressed by designing devices based on USJ (ultrashallow junctions) with junction depths of only several tens of nanometers.
Among the available doping techniques ion implantation presents the best control over the relevant parameters (dopant atoms, implantation energy and dose) for the nal dopant distribution (laterally to the surface and in the depth direction), a great exibility (possible material combinations, sequential doping of the same wafer) as well as an excellent reproducibility.
1,2 The distribution of the implanted ions is characterized by a maximum concentration peak with tails on both sides of the concentration peak. The latter are due to the random nature of the (electronic and nuclear) collisions of the dopant ions with the substrate atoms during the implantation process. Therefore the energy loss in each collision is a stochastic process. The depth distribution is in general best described by a Pearson IV distribution. 3 In order to produce the ultra-shallow dopant proles required for semiconductor applications, the implantation energies are decreased to a few keV at the expense of the maximum beam current. Alternatively, for a given implantation energy, shallower proles can be produced in a Ge matrix compared to a Si matrix because of the higher Ge density. Despite the smaller band gap resulting in a higher sensitivity to short-channel effects and the lack of a stable oxide needed for surface passivation and etch protection, Ge draws again an increased interest because of physical limitations of Si in the down-scaling of device dimensions, attractive electrical and chemical properties (ability to deposit high-k gate dielectrics, high mobility of electrons and holes) and recent signi-cant advances towards the industrial use of Ge.
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An accurate experimental assessment of the dopant depth concentration proles is quite challenging but mandatory in order to characterize the implantation (and also the annealing) techniques and to support further technical advances in the semiconductor industry. Channeling and (transient enhanced) diffusion make a theoretical prediction of the dopant distribution difficult. The trend of shrinking down device sizes to some nanometers requires a reliable and precise characterization of dopant depth distributions in semiconductor materials. Novel and improved diagnostic tools for the experimental proling of dopants in semiconductor materials on a depth scale of about 20 nm or even less and the determination of the retained dose are essential and called for.
Depth-proling measurements in the vicinity of the surface can be realized by means of different techniques like for example time-of-ight secondary ion mass spectroscopy (TOF-SIMS), 12 Rutherford backscattering (RBS), 13 medium energy ion scattering (MEIS), 14 elastic recoil detection analysis 15 or total reection X-ray uorescence (TXRF) combined with sputtering. 16 Each of the mentioned methods has its merits and inherent limitations in terms of sample consumption, cost of analysis, quantication, chemical and elemental sensitivity, lateral and depth resolution, and accessible depth region. Oen a combination of the different techniques is used to gather the required information. 17 Comparisons of different surfacesensitive analytical techniques can be found in the literature.
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Depth profiling by means of grazing XRF techniques
With respect to the above mentioned techniques, X-ray based approaches are non-destructive and do not necessarily require a high-vacuum environment like it is the case for particle-based methods. Furthermore no sample preparation is required, a wide range of materials regarding the elemental and chemical composition as well as the concentration (implantation dose for ion-implanted samples) can be studied. Quantitative measurements can be performed if either a calibration sample is used or the measurements are performed with calibrated instrumentation. 22 If the X-ray uorescence (XRF) measurements are realized in a grazing geometry (Fig. 1, le panels) , i.e., either in the grazing emission X-ray uorescence [23] [24] [25] [26] (GEXRF) or in the grazing incidence X-ray uorescence [27] [28] [29] [30] [31] (GIXRF) conguration, a high sensitivity with respect to the surface-near sample composition can be achieved. Combinations of the grazing incidence and emission geometries were also realized in the past in order to prot simultaneously from the surface sensitivity of both techniques. To better control the depth range which is explored in the sample both grazing angles are varied, resulting in exhaustive datasets. [32] [33] [34] [35] [36] The surface sensitive character of GEXRF and GIXRF was proted from to detect trace amounts of impurities on or inside wafers. [37] [38] [39] [40] [41] [42] [43] [44] In the context of surface analysis on a nanometer scale, the disadvantage of the large penetration range of X-ray radiation compared to (charged) particles is circumvented by detecting the emitted intensity of a single or multiple characteristic XRF lines at welldened grazing emission angles (Fig. 1, bottom le panel) or by irradiating the sample surface with monochromatic X-rays at well-dened grazing incidence angles (Fig. 1, top le panel) . The probed depth region can be tuned with the grazing angle from a few nanometers up to several hundreds of nanometers and depends on the X-ray energy of interest and the sample matrix. For identical X-ray energies of interest, the depth distribution of the atoms contributing at a given grazing angle to the observable XRF yield does not depend on the grazing geometry. Indeed, through the principle of microscopic reversibility it can be concluded that the grazing emission and the grazing incidence geometry are physically equivalent.
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The X-ray energy of interest is, however, in the grazing emission geometry the one of the monitored characteristic XRF line(s) and in the grazing incidence geometry the one of the incident radiation used for the excitation of the XRF signal (Fig. 1, right  panel) . The angle-dependent depth ranges are well suited to characterize the distributions of ions resulting from implantations realized with energies in the (lower) keV-regime where the typical ion penetration ranges are on the scale of several tens of nanometers to at most hundreds of nanometers. The tunability of the probed depth region with the grazing angle in combination with the linearity in the intensity response of X-ray detectors was already applied to depth-proling measurements of ion-implanted samples (Al, As and B dopants in Si wafers were considered) by means of GEXRF and GIXRF. [46] [47] [48] [49] [50] [51] It has to be pointed out that for the reported dopant-wafer combinations, the measurements could be performed either with excitation energies below the Si K-edge (1839 eV), thus avoiding a signicant background contribution from the wafer material or at energies above the As K-edge (11867 eV). In the latter situation the Si absorption cross-section is small and the As XRF signal can be well separated from the Si Ka line. In the present study different dopant wafer combinations, namely P, In and Sb in Si and P implantations in Ge, with technologically relevant implantation uences were investigated with a special focus on the sub-20 nm depth range and using for the rst time a synchrotron-radiation based micro-focused high-energy resolution GEXRF setup. Moreover selected samples were also investigated by means of GIXRF. In contrast to the previously investigated ion-implanted samples with a GEXRF or GIXRF setup, the measurements for the samples considered hereaer had to be performed with incident beam energies above the Si K edge, resp. Ge L 3 edge (1217 eV) because the K and L 3 absorptions edges of the investigated dopant elements are higher in energy. It will be shown that despite more challenging experimental conditions (background contributions from the wafer matrix because of incident beam energies closer to the Si K edge, resp. Ge L 3 edge), the used GEXRF and GIXRF setups proved to be suitable for the depth-proling of the various dopant concentration distributions.
In a GEXRF setup the grazing emission angle is dened as the angle subtended between the sample surface and the observation direction to which the detection setup is sensitive (Fig. 1, bottom le panel) . The latter can either be an energydispersive detector associated to a slit system for reasons of angular resolution or a wavelength dispersive setup. In the latter case the discrimination of the grazing emission angles is realized with the dispersive element. 23 The dependence of the XRF intensity on the grazing emission angle is usually measured sequentially by changing successively the sampledetection setup orientation, either the sample or the detector position being scanned. Alternatively a position-sensitive area detector allows, by dispersing the grazing emission angle scale along one of the detector dimensions, to acquire the GEXRF intensity prole in a single measurement without scanning successively through different sample-detector orientations as it is required for standard GEXRF setups. 52 In GIXRF the angular intensity prole has also to be measured in a series of sequential measurements. The grazing incidence angle corresponds to the angle between the sample surface and the monochromatic incident X-ray beam used for the excitation of the XRF signal (Fig. 1, top le panel) . The incident X-ray beam should be characterized by a low divergence for reasons of angular resolution and the XRF signal is usually detected by means of an energy-dispersive detector mounted close to the sample surface in order to maximize the solid angle of detection. In order to have well-dened grazing angles the sample surface needs to be optically at and smooth and since the critical angle for total external reection depends on the incident X-ray energy a monochromatic X-ray beam is required. The angular range to be covered in grazing XRF experiments extends from 0 mrad to angles larger than twice the critical angle 4 c for total external reection. The latter depends on the sample matrix and inversely on the X-ray energy of interest (Fig. 1, right  panel) . Thus, for ion-implanted samples, the critical angle when observing the XRF signal of the dopants will in general be smaller in the grazing incidence geometry and the probed depth range at a give grazing angle will be slightly different (Fig. 1 , right panel). Moreover possible interference fringes in grazing XRF intensity proles usually observed in the analysis of layered samples by means of GEXRF, 23, [53] [54] [55] respectively GIXRF, 56-59 will appear at different angular positions. Interference fringes can also be observed for articial nanostructures on the top of a substrate in the GEXRF and GIXRF intensity proles. [60] [61] [62] Note, that for the considered ion-implanted samples no interference fringes will show up in the angular intensity proles since there is only one refraction interface for the incident, respectively emitted X-rays (the sample surface itself) and since the XRF signal originates from below the refracting interface. A further experimental difference between GIXRF and GEXRF is given by a different sensitivity of the sample matrix to the respective Xray energy of interest, the difference being pronounced by the long emission, respectively incidence paths.
As mentioned the depth-proling capability of both grazing XRF geometries is given by the possibility to tune the probed depth region by varying the grazing angle at which the uo-rescence signal is detected (GEXRF), respectively excited Fig. 1 Illustration of the typical geometry for a grazing incidence (top left panel) and a grazing emission X-ray fluorescence setup (bottom left panel). In both configurations the intensity of the XRF signal is measured as a function of the grazing angle. While in GIXRF monochromatic X-rays have intrinsically to be used for the excitation of the XRF signal, in GEXRF (polychromatic) X-ray or particle beams can be used. The grazing angle has in both geometries to be well-defined with respect to the sample surface plane. From the geometrical configuration it can be recognized that the energy of interest for the calculation of the critical angle of ion-implanted Si and Ge wafers is in GEXRF the energy of the considered characteristic XRF line(s) and in GIXRF the energy of the incident beam. The latter has to be above the elemental absorption edge of the XRF line which is to be measured.
(GIXRF). In Fig. 2 (top right panel for GEXRF, top le panel for GIXRF) the attenuation of the emitted, respectively incident Xray photons as a function of the sample depth is plotted for the case of a P-implanted Si wafer. In the case of GIXRF an incident photon energy (2200.0 eV) above the P K edge (2145.5 eV) is assumed, whereas in the case of GEXRF the energy of the P Ka 1 (2013.7 eV) is considered. An estimate of the probed depth region at each grazing angle is provided by the corresponding extinction depth (Fig. 2 , dashed lines in the top le and right panels). The latter corresponds to the distance measured vertically from the surface for which X-ray photons emitted, respectively incident at the selected grazing angle are attenuated by a factor e À1 . The contribution of the P atoms on the attenuation was neglected. Below the respective critical angle, only the rst few nanometers can contribute to the detectable XRF signal. Indeed, because of the refraction at the sample surface according to the Fresnel laws and since the sample is the optically less dense medium, in the grazing emission geometry the X-ray photons emitted by bulk atoms can not be observed for grazing emission angles smaller than the critical angle, 25 whereas in the grazing incidence geometry no XRF signal in the bulk can be produced for grazing incidence angles below the critical angle because of total external reection. 63 In both grazing geometries the contribution of the surface-near volume in the angular range below the critical angle is explained by an evanescent wave with a non-negligible amplitude.
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When varying the grazing angle to values above the critical angle, the accessible depth region starts to increase at rst signicantly, then in a rst approximation linearly with the grazing angle (Fig. 2 , top le and top right panels). In the grazing emission geometry the XRF signal produced in the bulk starts to contribute to the measured XRF intensity, while in the grazing incidence geometry the excitation of the XRF signal is no longer restricted to the surface-near region. The probed depth volume is essentially limited by the attenuation of the XRF photons (GEXRF), respectively incident X-ray photons (GIXRF).
The grazing angle-dependent depth sensitivity is hereaer exploited for retrieving the depth distribution of the dopant atoms of different ion-implanted samples by measuring the XRF intensity dependence on the grazing angle. As an illustration, the theoretical implantation energy dependent depth concentration distributions of P ions implanted into a Si wafer is shown in Fig. 2 (top middle panel). The theoretical depth proles were calculated with the SRIM program which is a Monte Carlo simulation of the implantation process taking into account different physical effects. 64 Surface sputtering which can lead to a distortion or broadening of the prole was neglected. For a given ion depth distribution f(z), the dependence of the XRF intensity on the grazing angle I(4) can be calculated (Fig. 2 , bottom le and right panels) using the following formula: Fig. 2 Illustration of the application of GIXRF and GEXRF towards the characterization of the dopant depth distribution of P-implanted Si wafers. The SRIM simulation allows to represent the depth distribution of the dopants as a function of the implantation energy (top middle panel). The middle dashed line indicates the depth position of the maximum concentration peak, the top and bottom dashed lines show the standard deviation of the dopant distribution on either side of the concentration peak. With increasing implantation energies the dopant ions penetrate on average deeper into the wafer and spread over a larger region. The pronounced attenuation of the X-rays incident at (top left panel), respectively emitted at a grazing angle (top right panel) with respect to the sample surface allows for depth-profiling measurements by means of GIXRF and GEXRF. The dashed line represents the extinction depth. For GEXRF the energy of the P Ka 1 line was considered and for GIXRF an energy of 2200 eV just above the P K edge. Considering in addition the angle-dependent evanescent intensity (transmittivity, bottom middle panel), the dependence of the XRF intensity on the grazing angle can be calculated (eqn (1), bottom left panel for GIXRF, bottom right panel for GEXRF).
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where T represents the implanted substrate thickness and the refractive index n has to be considered for the wavelength of interest l. The latter corresponds to the wavelength of the incident radiation if the grazing incidence geometry is considered, resp. to the wavelength of an X-ray uorescence line in the case of the grazing emission geometry. The rst factor represents the transmittivity (Fig. 2 , bottom middle panel) of the sample surface for the X-ray photons propagating at a grazing angle. The calculation of the GEXRF angular intensity proles for ion-implanted samples is reported in ref. 26 and can be derived by similar arguments in GIXRF starting from the angular intensity prole for a thick substrate: 63 for ionimplanted samples a weighted depth contribution has to be considered, the weights being given by the dopant distribution. The exponential term in eqn (1) accounts for the absorption of the X-rays propagating at a grazing angle. In case the grazing incidence and emission geometries are combined in the experimental setup, the refraction and absorption of the incident and emitted X-rays has to be considered.
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The proportionality factor in eqn (1) is determined by the incident (monochromatic) photon ux, the elemental concentration and photoelectric cross-section of the dopant ions, the uorescence factor and branching ratio for the studied characteristic XRF line as well as the detection efficiency (including X-ray transmission on possible air paths, the solid angle of detection and the detector efficiency). The calculated GEXRF angular intensity prole of the P Ka 1 line (2013.7 eV) is shown in the bottom right panel, the one for GIXRF (calculated for an incidence of 2200 eV, just above the P K edge at 2145.5 eV) in the bottom le panel of Fig. 2 . A direct dependence between the P Ka angular intensity prole and the theoretical depth distribution of the implanted P ions can be observed for both grazing XRF techniques. The calculation shows that the angular proles change gradually with the depth distribution of the implanted ions and that dopant concentration distributions implanted at slightly different implantation energies can be accurately differentiated. For the lowest implantation energies, a large part of the implanted ions are located close to the surface, which explains the observed increase of the intensity at grazing emission angles already below the critical angle. The XRF intensity for grazing angles 4 much larger than the critical angle 4 c depends mainly on the implantation dose.
Experimental
The investigated ion-implanted samples were single side polished Si and Ge wafers with h100i-orientation, a diameter of 25.4 mm and a thickness of 500 mm. The wafers were doped at the Ion Beam Physics and Materials Research Institute at the Forschungszentrum Dresden-Rossendorf in Germany. The implantation direction was perpendicular to the wafer surface. The Si wafers were doped with In or Sb ions which were implanted at energies of 1, 2 and 4 keV, respectively, and an implantation uence of 5 Â 10 14 atoms per cm 2 . The doping with P ions was realized for Si and Ge wafers at a uence of 5 Â 10 15 atoms per cm 2 and at energies of 1, 2, 4 and 6 keV, respectively. Additionally a Si wafer was implanted at an energy of 8 keV. The dopant depth distributions were investigated by means of a m-focus synchrotron radiation based high-energy resolution GEXRF setup. Reported m-focused GEXRF setups were realized using either a (poly-)capillary optics coupled to an X-ray tube [65] [66] [67] [68] or a Kirkpatrick-Baez (KB) mirror system at a synchrotron radiation beam line 69 and using low-energy resolution detection setups.
The In and Sb implantation into Si with 1 keV and the P 4 keV implantation into Ge were additionally analyzed by means of GIXRF using synchrotron radiation.
GEXRF setup
The depth-proling measurements by means of micro-focused high energy resolution GEXRF were performed at the ID21 beam line of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, employing the von Hamos-type bent crystal spectrometer of the University of Fribourg. 70 The grazing emission conditions were realized in the von Hamos spectrometer by decreasing the angle between the sample surface plane and the detection direction dened by the Bragg diffraction angle (at a given diffraction order) for the characteristic XRF line of interest to sufficiently small values (Fig. 3, le  panel) . 23 The dependence of the intensity of a given XRF line on the grazing emission angle is then assessed by rotating the sample around an axis passing through the sample surface plane and being perpendicular to the spectrometer dispersion plane (dened by the axes on which the crystal and detector are moved when a different characteristic XRF line is to be measured). Moreover, the sample was positioned such that the focused synchrotron radiation beam was incident on the rotation axis. The precision of the sample rotation stage was 0.04 mrad. The focusing of the synchrotron radiation beam was realized with a focusing polycapillary half-lens. 71, 72 The compact size of this X-ray optics element permitted its implementation in the spectrometer chamber without modications of the latter 73 whereas its achromaticity allowed to perform measurements at different synchrotron beam energies without the need for realigning the polycapillary optics.
The synchrotron radiation beam was delivered by the two undulators of the ID21 beam line and the beam size of 3 Â 3 mm 2 was dened by two pairs of slits. Further downstream the synchrotron radiation beam was intercepted by the polycapillary optics which had an entrance aperture of 4.4 mm in diameter. The simultaneous use of two undulators resulted in uxes as high as 3.5 Â 10 13 and 2.4 Â 10 13 ph s À1 for the two selected primary beam energies. The experimental measurements with the P-, In-and Sb-implanted Si wafers were performed at an energy of 4240 eV (above the L 3 absorption edge of Sb at 4132 eV), whereas an energy of 3190 eV was selected for the measurements with the P-implanted Ge wafer in order to diminish the contribution of the photoelectron Bremsstrahlung background in the vicinity of the monitored XRF line. The lower beam energy for the P-implanted Ge wafers was necessary because of the Z-dependence of the Bremsstrahlung intensity (originating in the bulk wafer) and the lower L absorption edge of Ge with respect to the K absorption edge of Si. Indeed, the maximum energy of the Bremsstrahlung corresponds to the difference between the primary beam energy and the binding energy of the electrons creating the Bremsstrahlung. Since the Bremsstrahlung intensity decreases with the X-ray energy, the photoelectron Bremsstrahlung background did not affect the measurements of the In and Sb La-lines, and only to a small extent the measurements of the P Ka and Si Ka-lines. Moreover, to avoid primary X-ray beam position instabilities, due for example to changes of the thermal load on the beam line optical components, and thus the necessity to realign the focusing polycapillary halflens, only two X-ray beam energies were used. The monochromatization of the primary beam was realized with two Ni/ B 4 C multilayers, while the higher order harmonics were rejected by Ni mirrors tilted to 7.25 mrad with respect to the incident primary beam. The K resp. L absorption edges of the implanted dopants being all above the K absorption resp. L absorption edges of Si and Ge, the background contribution of the uorescence lines from the bulk were unavoidable. However, the high energy resolution detection with the von Hamos spectrometer permitted to accurately separate and discriminate the different uorescence signals. This was of prime importance for the P-implanted Si wafers, the P Ka 1,2 -line (2013.7 eV and 2012.7 eV) being separated by about 273 eV from the Si Ka 1,2 line (1739.9 eV). Moreover, the bulk volume contributing to the background signal was limited by the grazing emission conditions.
The implementation of the focusing polycapillary optics (nominal focal spot size of 50 mm) into the von Hamos spectrometer is identical to the solution elaborated in the laboratory where a different polycapillary half-lens is used to focus the collimated Bremsstrahlung emitted by a low-power X-ray tube onto the installed probe. 73 In short, the focusing polycapillary half-lens was installed on a 5-axis positioning stage with 3 translational and 2 rotational movements. For reasons of compactness and accuracy in the rotation alignment the positioning stage was equipped with piezo motors. The translational movements are necessary to position the polycapillary optics in the collimated synchrotron beam and at the focal distance from the sample surface (8 mm for the used polycapillary half-lens). The rotational alignment around the axes transverse to the beam is necessary to maximize the transmission. The sensitivity of the polycapillary optics alignment is shown in Fig. 3 (top right panel) , the standard deviation of the transmission curve in the horizontal and vertical directions being 2.1 mrad and 1.7 mrad. The transmitted intensity in the alignment procedure was surveyed by a diode whereas the spot size in the sample plane was surveyed by means of a video system and a uorescence screen. This approach proved to be sufficiently sensitive to position the focusing polycapillary halflens at the focal distance from the sample surface. In addition the transmission was measured for the two beam energies used during the experiment by comparing the X-ray uorescence intensity of the P Ka 1,2 from a P-implanted wafer and of Ge La 1 from a Ge wafer with and without the polycapillary optics in the synchrotron radiation beam. The retrieved transmission values were 0.37 AE 0.02 and 0.26 AE 0.02, as compared to values of 0.34 and 0.33 predicted by means of ray-tracing simulations. The photon density gain was, thus, about 10 3 . The micro-focusing of the incident X-rays allowed to study the dopant depth prole locally and to perform lateral surface scans with a resolution Fig. 3 Schematic representation of the synchrotron radiation based micro-focused high-resolution GEXRF setup (left panel). For the measured characteristic XRF line the grazing emission angles were discriminated by means of the diffraction crystal, the Bragg angle depending on the diffraction crystal and the energy of the characteristic XRF line. The different degrees of freedom for the alignment of the focusing polycapillary half-lens are also shown. For the GEXRF measurements the incidence angle of the synchrotron radiation on the sample was 90 À q B + 4 e . The rotational orientation of the focusing polycapillary optics was crucial to maximize the transmission (top right panel). The micro-focusing option allowed for a laterally resolved scan of the implanted dopant dose at an increased gain (bottom right panel). For the latter measurements the incidence angle of the synchrotron radiation on the sample was set to 90 .
equal to the focal spot size to characterize the homogeneity of the implanted dose. An example is shown in Fig. 3 (bottom right panel) for a normal incidence angle on the sample. The dopant distribution was found to be quite homogeneously implanted. Note that between GIXRF and GEXRF, only GEXRF allows to prot directly from microsized X-ray beams for laterally resolved measurements. Indeed, in GIXRF the quite large beam footprint on the sample surface has to be considered and spatially resolved measurements parallel to the surface plane require adapted detection setups which are only sensitive to a conned area.
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The P Ka 1,2 , In La 1 (3286.9 eV), Sb La 1 (3604.7 eV) and Si Ka 1,2 uorescence X-ray lines of the P-, In-respectively Sbimplanted Si wafers were diffracted by means of an ADP (101) crystal (2d ¼ 10.642Å) in rst order for the P Ka 1,2 and Si Ka 1,2 lines, and in second order for the In La 1 and Sb La 1 lines. The energy discrimination of the CCD allowed to well separate the La 1 lines diffracted in second order from the tails of the Si Ka 1,2 lines diffracted in rst order which were partially overlapping on the detector with the dopant uorescence lines because of similar Bragg diffraction angles. For the P-implanted Ge wafers a TlAP (001) crystal (2d ¼ 25.772Å) was employed in second order for the Ge La 1 line (1188.0 eV) and the P Ka 1,2 lines. The diffracted X-rays were detected by means of a back-illuminated position-sensitive CCD camera (1340 Â 400 pixels of 20 Â 20 mm 2 , read-out speed of 1 MHz). The grazing emission angles were calibrated for each ionimplanted sample by means of the critical angle for the Si Ka 1,2 -line, respectively the Ge La 1 line. This allowed to determine for each sample the off-set from the reference position of the angular motion. In order to take into account an eventual inuence of the dopants on the refractive index of the implanted samples, for each emission line the refractive index of the implanted samples was calculated by taking into account the dopant concentration returned by the SRIM calculation within the extinction depth for grazing angles below the critical angle. The motivation was that the largest refraction of the emitted Xrays takes place at the sample surface so that the sensitivity to the presence of the dopants would be the biggest for this sample region. The changes with respect to a pure wafer were at most on the low percentage level. Moreover, the refractive index was assumed to be depth-independent in order to compute the integral in eqn (1) in a reasonable time interval. The angular intensity proles I(4 e ) were measured at 100 different grazing emission angles 4 e for 50 s per angle for the P Ka 1,2 -line (for both the P-implanted Si and Ge wafers), at 60 different grazing emission angles for 150 s per point for the In and Sb La 1 lines, and 50 different grazing emission angles for 20 s, respectively 30 s for the Si Ka 1,2 and Ge La 1 lines. The points in the angular Xray uorescence intensity scans were separated by 0.4 mrad for the dopants (P Ka 1,2 , In La 1 and Sb La 1 lines), respectively by 0.8 mrad for the signal from the bulk (Si Ka 1,2 and Ge La 1 -lines). For reasons of angular resolution, a region of interest (ROI) centered on the maximum intensity at the largest grazing emission angles was dened on the CCD and only the XRF intensity within the ROI was considered in the analysis of the angular intensity scan. 23 The background contribution was estimated from the CCD regions neighboring the dened ROI. Examples of measured GEXRF intensity proles are displayed in Fig. 4 .
GIXRF setup
The GIXRF measurements were conducted employing the radiometrically calibrated instrumentation of the PhysikalischTechnische Bundesanstalt (PTB) at the electron storage ring BESSY II. An ultrahigh-vacuum (UHV) chamber 22 equipped with calibrated photodiodes to determine the incident photon ux and a calibrated silicon dri detector (SDD) with known spectral response functions and efficiency were used. The known solid angle of detection 75 as well as the use of either tabulated or measured 76 fundamental parameters for the relevant atomic processes, e.g., the photo ionization cross section and the uorescence yield of the elements of interest allows for a fully reference-free quantitative depth proling of the implanted element. 49 For the GIXRF experiments, the four-crystal monochromator (FCM) beam line for bending magnet radiation was used.
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For means of comparison, the In in Si and Sb in Si 1 keV implantations as well as the P 4 keV implantation in Ge were analyzed with the GIXRF technique. The P implant was measured using a photon energy of 4 keV whereas the In and the Sb implants were both measured using a 5 keV excitation. For each sample, the incidence angle between the sample surface and the incident X-ray beam was varied around the critical angle up to an angle of about 35 mrad. At each angular position a uorescence spectrum was recorded. The spectra were then deconvoluted using known spectral response functions and relevant background contributions, e.g., Bremsstrahlung from photoelectrons.
The thereby obtained angular uorescence curves of the implanted elements were modeled using the GIXRF depth proling technique, 49 employing an IMD 78 calculation of the respective X-ray standing wave eld as well as the relevant fundamental parameters to obtain quantitative depth proles for each implant.
Results
GEXRF
In contrast to SIMS which allows for a more direct measurement, in GEXRF and GIXRF the dopant depth proles of the ionimplanted samples have to be reconstructed from the experimental angular XRF intensity prole (eqn (1) and Fig. 2) . In principle the inversion of eqn (1) would provide an analytical expression of the dopant depth distribution f(z), the only required input being the angular intensity prole I(4) of the XRF signal and the refractive index of the implanted substrate for the energy of interest. As mentioned previously, the dopant concentrations were low enough to consider the refractive index to be depth independent. For higher dopant concentrations, the dependence of the angular intensity prole I(4) on the concentration would be non-linear because of a depth-dependent refractive index. The general inversion of eqn (1) is, however, a severely ill-posed problem. 79 Even if the concentration depth distribution f(z) and the angular intensity prole I(4) are uniquely related to each other, the problem remains illposed and a direct inversion of the equation system obtained from a discretization of the grazing angle and the depth z is expected to be highly unstable because of experimental and numerical errors.
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Different approaches to invert eqn (1) have been proposed and were successfully applied to synthetic data with very low noise contributions (less than 1%). We will consider hereaer their applicability to the acquired experimental data and point out the difficulties which were encountered. One consists in considering eqn (1) as a truncated Laplace transform. 80 Indeed, the inverse of the Laplace transform operator is mathematically known. However, the inversion is unstable and can not be applied to data with experimental noise unless regularization methods are applied. 80 Even then the sensitivity of the different computation steps to experimental noise introduced too large numerical errors for a successful application to the present experimental GEXRF data. An alternative to the inversion of the truncated Laplace transform is the maximum-entropy method. The inversion of eqn (1) is formulated as a convex constrained optimization problem having a unique solution which converges to the exact depth concentration prole f(z) provided that the noise levels are sufficiently low and enough data points are available. 81 The difficulties with this approach were that the number of points on the grid of the reciprocal space and the extension of the depth region to be considered needed to be well chosen beforehand. With the maximum entropy method it is also possible to insert some a priori assumption about the depth distribution.
81 For the present ion-implanted samples this revealed to be necessary for a successful application of the maximum entropy method. However, the obtained results were found to depend on the a priori assumption about the depth distribution.
Moreover the noise levels on the experimental GEXRF angular intensity proles were found to be too important so that neither one of the inversion approaches could be applied successfully to the acquired data. In addition, the depth distributions of shallow, peaked dopant concentration proles, e.g., of low energy implantations, are more difficult to reconstruct with the discussed approaches. 80, 81 Nevertheless, the inversion of simulated angular intensity proles can be used in the view of preparing experiments (number of points in the prole, acquisition time).
To determine the dopant depth distribution of the ionimplanted samples, the experimental GEXRF angular intensity proles acquired were tted by means of eqn (1) . The dopant depth distribution f(z) was replaced by a continuous analytical function, in occurrence a half-joined Gaussian distribution, (a Gaussian distribution where the widths on the le and right side of the center are different). Indeed, the SRIM calculations of the depth distributions for the investigated samples showed that asymmetric dopant depth distributions were to be expected (see Fig. 2 for the case of P-implanted Si wafers). Alternatively, existing tables and functions [82] [83] [84] could be used to adjust the depth distribution function f(z) in order to t the experimental angular intensity prole I(4). The transmittivity and the absorption factor were calculated from the calculated refractive index for the wafer substrate (Fig. 1, right panel) , taking the theoretical dopant concentration in the vicinity of the surface into account. The independent free tting parameters were the center and the widths of the half-joined Gaussian function. This approach was already successfully applied for Al-implanted Si wafers. 48 The analytical expression for and the experimental values of the angular intensity prole were normalized to the same value at a grazing emission angle equal to 40 mrad, thus sufficiently far above the respective critical angles. This allowed to avoid the introduction of an additional tting parameter, the XRF intensity or equivalently the amplitude of the dopant depth distribution. For quantitative depth proles acquired with the presented GEXRF setup an accurate instrumental calibration or an adequate calibration sample would be required.
The retrieved dopant depth proles are compared to the SRIM calculations in Fig. 5 and the numerical results are summarized in Table 1 . In overall a good agreement with the SRIM calculations can be observed. The retrieved results for the central peak position match well with the values returned by the SRIM simulation. Except for the P implantations at 4 keV and 8 keV into Si, the values agree within 1 nm, the SRIM values being smaller than the experimentally deduced values, and the agreement improves in general with increasing implantation energies. For the P 4 keV and 8 keV implanted Si wafers, the retrieved peak position of the dopant distribution was about 2 nm below the theoretical value. Also the width of the Gaussian tail extending from the dopant concentration peak towards the sample surface is smaller, in contrast to the other P-implanted samples where a broader rst tail than theoretically expected is obtained from the t. The tted widths of the Gaussian tail extending from the dopant concentration peak into the bulk volume of the wafer are comparable to the SRIM value or smaller. Thus, the P-implanted Si wafers present, besides a different position of the peak, a slightly different depth Fig. 5 Comparison of the depth distributions obtained from the angular GEXRF profiles when fitting the experimental data with an analytical expression to describe the dopant depth distribution, in occurrence half-joined Gaussian distributions, to the result of the SRIM simulations. In addition the depth distributions returned by an empirical fitting approach (for details see text and Fig. 6 ) are shown. All the depth distributions were normalized to the respective nominal implantation dose. Table 1 Comparison of the results obtained when fitting the GEXRF angular intensity profiles with half-Gaussian functions to the expected depth distributions from SRIM calculations. C stands for the center, W for the width, both in units of nm. The index 1 for the width of the joined halfGaussian represents the depth region extending from the surface to the center, the index 2 indicates the further depth region. Additionally the evolution predicted by the SRIM calculations of the center and widths of the half-joined Gaussian distribution with the implantation energy allowed to fit the GEXRF angular intensity profiles as a dependence on the implantation energy E (in units of keV). The values in parentheses stand for the standard deviation s of the results retrieved by the described fitting procedure evolution than predicted by SRIM calculations. Regarding the Pimplantations into Ge, the experimentally deduced depth proles are shallower than predicted by theory, while the Inand Sb-implantations into Si are found to be broader than the depth distributions calculated by means of SRIM except for the 4 keV implantations. Here the experimental characterization shows a narrower, thus steeper evolution from the surface to the maximum concentration. Nevertheless it can be stated that in general the trends predicted by the SRIM simulations are conrmed.
Assuming that the dependence between the center and widths of the half-joined Gaussian distribution describing the SRIM output and the implantation energy inserted in the calculation is correct, the dopant depth distribution in eqn (1) could as well be described by a single parameter, the implantation energy. This approach proved to be especially useful when tting GEXRF angular intensity proles of low-energy Ga implantations in Ge measured with a novel scanning-free setup where the simultaneous contribution of several characteristic XRF lines could not be distinguished because of lacking energy resolution. 52 The tted implantation energies for the present samples were found to be within a few tens of eV of the nominal implantation energy for all samples except for the In 4 keV Si wafer, the P 8 keV Si wafer and the P 1 keV Ge wafer where the difference between the tted and nominal values exceeded 100 eV. This difference was, however, in agreement with the observed differences for the ts with 3 independent parameters. While this approach is simple and straightforward, mostly conrming the SRIM simulations for the considered samples, the drawback is that the possible shape of the depth distribution is limited to the predictions of the SRIM calculation.
It should be mentioned that for technologically relevant, annealed samples, where the dopant ions may diffuse during a thermal treatment following the implantation, a different function f(z) than the predicted half-joined Gaussian distribution might have to be used to represent the overall dopant depth distribution. To this end, and as a proof of feasibility, the depth distributions of the ion-implanted were also extracted from the experimental GEXRF angular intensity proles without assuming, besides a bell-shaped distribution, any a priori knowledge of their shape. This iterative tting approach was presented the rst time for Al-implanted Si samples 48 and has been improved in order to be generally applicable to the depthproling of any ion-implanted sample by means of grazing XRF techniques.
First, for a given ion-implanted sample, the experimental GEXRF angular intensity distribution was tted repeatedly, each time with a different discrete distribution from a set of different continuous, polygonal depth functions. The integral in eqn (1) was replaced by a Riemann sum because of the discretized depth distribution function f(z). Each depth function presented a single dopant concentration maximum and was discretized with regularly spaced points. The goal was to select from the pre-dened set the distribution with which the experimental GEXRF data of the considered sample are best tted. In contrast to the former approach this step makes the approach much less sensitive to the actual shape of the distribution in the depth direction. This rst step allows also to estimate the extension of the dopant distribution in the depth direction. Once the most suitable distribution was chosen, the depth coordinates z i and the concentration values f(z i ) (i ¼ 1, ., p) of the p points of the selected distribution were allowed to vary within square boundary limits to further improve the t of the experimental grazing emission prole. The boundary limits were xed on the depth axis by the depth resolution (obtained from the depth region over which the selected distribution extends and the number of points p) and on the concentration axis by the initial concentration value and the average absolute value of the slope between the different points in the depth distribution. The iteration process was then started with a smoothed spline interpolation of the obtained set of point coordinates (z i , f(z i )). The smoothing was necessary to attenuate eventual spikes in the depth distribution curve, a problem which was less pronounced when tting symmetric depth proles (for example Al implantations are well described by Gaussian distributions) or when the depth distribution spread over a larger depth range (higher implantation energies). In each iteration step the depth resolution was improved by increasing the number of regularly spaced points p in the depth distribution curve and the GEXRF intensity prole was tted with the discretized version of eqn (1) to obtain a new dopant depth distribution (Fig. 6) . The starting Fig. 6 Illustration of the empirical iterative fitting approach. Starting from a polygonal depth distribution which best fitted the GEXRF angular intensity profile, the depth resolution in the dopant distribution is increased in each iterative step by using an increased number of points on the discretized depth scale. More details can be found in the text.
values of the new set of regularly spaced point coordinates (z i , f(z i )) were determined from the interpolation curve of the depth coordinate values returned by the previous iteration step. The boundary limits of the individual points were dened as explained for the step preceding the iterative procedure. At the end of each iteration step neighboring points which were too close to each other (compared to the depth resolution of the actual iteration step) were replaced by a single point. If the concentration value of the last point in the depth distribution (z i , f(z i )) was too important compared to the maximum concentration value, an additional point at a larger depth with a lower, extrapolated concentration value was added. The iteration process was stopped when the desired depth resolution was obtained.
Aer successfully testing this approach with synthetic data, it was applied to the experimentally acquired GEXRF proles. The results are plotted in Fig. 5 together with the results obtained when tting the experimental data with the halfjoined Gaussian distribution. In general the depth position of the peak concentrations predicted by both tting approaches are close together as well as the depth range over which the depth distributions extend. The shapes of the distributions do not match as closely but do not contradict neither the trends of the SRIM calculation nor of the results retrieved by the ts with half-joined Gaussian distributions. As a cross-check and validation tool on experimental data when selecting the depth distribution function f(z) with which the GEXRF will be tted this approach might be very helpful in addition to the SRIM simulations.
GIXRF
For validation purposes, selected samples were also analyzed with the GIXRF approach using absolutely calibrated instrumentation. 22 This allowed to extract both the dopant depth distribution and the total implanted dose. The depth distributions obtained by means of GIXRF for the In and Sb 1 keV implantations into Si and the P 4 keV implantation into Ge are shown in Fig. 7 together with the respective GEXRF and SRIM results. For the latter sample the depth distributions are congruent with each other and only minor differences in the depth distribution curves can be observed. Also the experimental quantication of GIXRF agrees quite well with the nominal implantation dose to which SRIM and GEXRF were normalized to. For the In and Sb 1 keV implantations into Si, the GIXRF results reproduce the SRIM data in terms of the peak position in the dopant concentration distribution, presenting thus the same difference of 0.4, respectively 0.8 nm as the SRIM simulation with respect to GEXRF. One possible reason for the observed shi in GEXRF could be that the refractive index at the refracting surface was somewhat different than the theoretical value due to the inuence of the implant. Indeed, GIXRF suffers from the same limitation of the accurate knowledge on the optical constants as GEXRF. This has already been experienced for Al-implanted Si wafers. 49 Moreover, the GEXRF calibration procedure with the Si Ka 1,2 lines could be affected as well for the same reason. This underlines the importance of an accurate knowledge of the refractive index. X-ray reectometry (XRR) measurements at the energy of interest allow for an experimental assessment of the refractive index at the energy of interest. 47 The joint use of complementary XRR and grazing XRF data can be used to provide a more complete description of the sample 85 in order to further improve the XRF depth proling results. For higher implantation energies the difference between GEXRF and SRIM was less important since the dopant concentration within the rst few nanometers below the surface was smaller and the overall dopant distribution wider. The effect of the dopants on the effective refractive index is diminished. For other dopant-substrate combinations the refractive index of the dopant and substrate atoms for the considered energies of interest were closer together and the effect of the dopant atoms on the bulk refractive index was therefore less important.
Regarding the shape of the dopant depth distribution, the GIXRF results exhibit on the other hand for the In and Sb 1 keV implantations into Si shallower depth distributions. Especially the tail extending from the concentration maximum into the bulk is steeper. The 1 keV In and Sb implants represent therefore a limiting case with regard to reliable depth-proling measurements with grazing XRF techniques because of the discussed uncertainties with regard to the exact values of the optical constants. It has also to be considered that for the lowest implantation energies a depth-dependent variation of the refractive index might have to be taken into account because of the high local dopant concentrations. In this case a possible alternative depth-proling algorithm without having to solve the integral in eqn (1) would be to treat an ion-implanted sample as a virtual multilayer stack, each layer in the stack being characterized by a different refractive index in agreement with the dopant concentration in the respective layer. Multilayer structures can be treated in GIXRF with the IMD soware, 78 in the case of GEXRF an analytic formula can be found in the literature. 79 The multilayer approach could be implemented, analogous to the presented empirical approach, in an iterative algorithm in which one can start with only a few layers and adjust the concentration when tting the angular prole, then increase the number of layers and recalculate the refractive index in each layer in-between the iteration steps. Also the boundaries on the concentration values in the t in each iteration step could be set by means of a condence interval on the Gaussian or half-joined Gaussian distribution imposed on the depth dependence (or layer-to-layer evolution) of the dopant concentration values. The latter aspect can be realized by tting the variation of concentration values through the different layers, i.e., the depth distribution of the dopant concentration, with the selected analytical function for the dopant depth dependence. Since the tting parameter are concentration values, this approach can potentially provide quantitative results.
Conclusions & outlook
Synchrotron radiation based grazing XRF techniques present a great potential for the accurate, nanometer-scale characterization of shallow in-depth distributions of dopants implanted with energies of only a few keV (ultra-low energy ion implantations) in Si and Ge wafers. Both, GEXRF and GIXRF, allow to extend the accessibility of depth-proling metrology measurements towards nanoscale dopant distributions with depth scales relevant for technological applications without requiring reference samples and without suffering from the limits of particle based methods, i.e., the maximum accessible depth range of electron-based methods or the transient effects of sputter-based approaches. Calibrations samples would only be required for quantication issues if the used setup does not provide absolute results. The pronounced dependence of the GEXRF and GIXRF intensity proles on the implantation energy for a given dopant-substrate combination allows to precisely distinguish between different dopant depth distributions. The limitations with respect to the ion-implanted wafers which can be investigated are in principle given by the depth range to which the setup is sensitive at the largest grazing angle, the knowledge of the refractive index for the energy of interest and the implanted dose. For the investigated samples the dopant concentrations were sufficiently low to use a depth-independent refractive index which was calculated from the tabulated values for the wafer and dopant elements for the energy of interest. Because of the implantation dose and the shallow region to be doped, the samples with the lowest implantation energies represented a limiting case for a reliable investigation of the depthproles by means of the presented approaches to analyze the grazing XRF proles. In these cases the refractive index has to be experimentally assessed by means of XRR, a technique which can be conveniently combined with a GIXRF setup. 85 Also further investigations assessing the limits towards the local dopant concentration by varying for the lowest implantation energy the implantation dose are called for. A route for improvement in the future could be, besides an inclusion of XRR for a more accurate experimental knowledge of the optical constants, to use an iterative approach for the depth-dependent treatment of the refractive index in order to obtain more reliable results. For larger implantation energies, the agreement with the theoretical predictions improved as the dopant prole extended over larger regions and the local dopant concentration decreased.
The used GEXRF setup represents a novel and unique, yet versatile combination of micro-focused XRF excitation (increased gain), high-energy resolution XRF detection (better background rejection capabilities and increased signal-to-noise ratio) and the grazing emission geometry. The angular resolution is ensured by the dispersive element and the spatially resolved XRF detection, while the laterally resolved XRF excitation of the sample together with nanometer-resolution depthproling of GEXRF makes an elemental three-dimensional sample study conceivable. In combination with a scanning-free GEXRF arrangement 52 only the lateral dimensions would have to be scanned. From the experimental GEXRF intensity proles the dopant depth distributions could be accurately reconstructed using an analytical approach and were found to be in a fair agreement with the results from the SRIM simulation, except for the In and Sb 1 keV implantations into Si. These results were also conrmed for some samples with the help of the radiometrically calibrated GIXRF setup of the PTB which furthermore delivered quantitative results. The experimental GEXRF intensity proles were also tted by using an iterative tting algorithm in which only a bell-shaped depth distribution function is assumed without dening the exact shape of it. This empirical approach can be applied towards thermally treated samples or towards diffusion process samples.
